Purpose: Metabolism, and especially glucose uptake, is a key quantitative cell trait that is closely linked to cancer initiation and progression. Therefore, developing high-throughput assays for measuring glucose uptake in cancer cells would be enviable for simultaneous comparisons of multiple cell lines and microenvironmental conditions. This study was designed with two specific aims in mind: the first was to develop and validate a high-throughput screening method for quantitative assessment of glucose uptake in "normal" and tumor cells using the fluorescent 2-deoxyglucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG), and the second was to develop an image-based, quantitative, single-cell assay for measuring glucose uptake using the same probe to dissect the full spectrum of metabolic variability within populations of tumor cells in vitro in higher resolution. Procedure: The kinetics of population-based glucose uptake was evaluated for MCF10A mammary epithelial and CA1d breast cancer cell lines, using 2-NBDG and a fluorometric microplate reader. Glucose uptake for the same cell lines was also examined at the single-cell level using high-content automated microscopy coupled with semi-automated cell-cytometric image analysis approaches. Statistical treatments were also implemented to analyze intra-population variability.
Introduction
T he process of aerobic glycolysis (or the "Warburg effect") has gained a great deal of attention since its discovery by Otto Warburg more than 70 years ago, to eventually become widely accepted as the seventh hallmark of cancer [1, 2] . This process is defined molecularly by a dramatic increase in extracellular glucose consumption accompanied by an elevated rate of lactate excretion, regardless of oxygen abundance [1, [3] [4] [5] . This observation is exploited clinically to detect solid tumors based on their increased uptake of the radioactive glucose analog 2-deoxy2- [ 18 F]fluoro-D-glucose (FDG), which can be imaged by positron emission tomography (PET) [6] . Avidity to glucose in tumors is now believed to be fundamental to supporting bioenergetics and biosynthetic demands for uncontrolled proliferation consequent to tumor transformation [4, 7, 8] . Recent studies have uncovered the molecular basis for metabolic alterations responsible for elevated glucose uptake and utilization, providing a more detailed understanding of biological relationships underlying cancer development [9] .
In recent years, mounting molecular and histological evidence has clearly indicated that solid tumors are not uniform, but rather biologically heterogeneous entities comprised of diverse cellular types [10, 11] . Clinically, it has become increasingly apparent that this heterogeneity is correlated with metabolic behavior of tumors, as evident from PET images depicting spatial variability in uptake rates of radioactive glucose (e.g., FDG) and thymidine analog [12] [13] [14] [15] . Nonetheless, investigating the cellular bases of heterogeneity in tumors is hurdled by the lack of systematic quantitative approaches for measuring glucose metabolism at the single-cell level. Therefore, developing novel highthroughput methods to quantitatively measure glucose uptake in live cells, at both the population and cellular levels, would provide useful screening platforms to evaluate the metabolism of a large number of tumor cells and the effects of various perturbations (e.g., microenvironmental cues, drugs) on cellular metabolism.
In this study, we developed and implemented a highthroughput population-based fluorometric method to evaluate a multitude of kinetic properties of glucose uptake in "normal" and tumor cell lines in vitro using recently developed 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG) [16] [17] [18] [19] . 2-NBDG, a novel fluorescence glucose analog probe that was initially developed to measure the glucose uptake rates in microorganisms, has proven to be of great utility to also measuring glucose uptake rates in a wide range of non-mammalian and mammalian cells in recent years [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Several lines of evidence have previously demonstrated the validity of 2-NBDG as a tracer for direct monitoring of glucose transportation in mammalian and non-mammalian cells. For instance, 2-NBDG has shown to be transported intracellularly by the same glucose transporters (GLUTs) as glucose, as evident by competitive inhibition of 2-NBDG by Dglucose and by pharmacological inhibition by GLUTs inhibitors such as cytochalasin B and phloretin in mammalian cells [17, 18, 21, 27, 28] . It has also been shown by mass spectrometry that 2-NBDG undergoes phosphorylation at the C-6 position, a reaction that causes the molecule to be retained within the cell, identical to the mechanism that causes FDG to also be retained [17, 23, 29] . 2-NBDG was also reported to be transported into cells via all of the GLUTs and in several mammalian cells via SGLT1, but the relative affinities of each transporter are still under investigation [25, 30, 31] . More recently, the transportation of 2-NBDG and FDG were reported to present similar affinities both in vitro and in vivo in mammalian cells [32] . However, 2-NBDG represents several other clear advantages over the other available glucose tracers, such as 2-DG or the radiolabel isotope FDG, including its low relative cost, capacity for high temporal and spatial resolution (at the single-cell level), lack of ionizing radiation, and the nondestructive nature allowing direct monitoring of glucose transportation in live cells.
In addition, we developed a second independent approach to directly evaluate the distribution of glucose uptake at the single-cell level that utilizes the power of high-content automated microscopy (HCAM), cell-cytometric image analysis (via CellProfiler) [33] , and advanced statistical techniques. Acquiring single-cell quantitative measurements of glucose uptake provides a novel tool for dissecting the variability in metabolic states that exists within a given tumor cell population. We applied this tool to examine the influence of various microenvironmental conditions in modulating the intra-population dynamics of glucose uptake in normal and tumor cells. The versatility of both of our approaches facilitated the simultaneous and direct measurement of 2-NBDG uptake in different cell lines under multitude of extracellular conditions. This capability allows direct and fair comparison among multiple cell types and/or extracellular conditions such as growth factors, nutrient arability, and drug screening as compared to other previously published methods. Taken together, our results clearly demonstrate that both 2-NBDG assays can be used to accurately and reproducibly measure glucose uptake for a range of cell lines in vitro.
Materials and Methods

Cell Culture
MCF10A, a breast mammary epithelia-derived cell line, and its more aggressive, invasive derivative, MCF10A-CA1d (CA1d) [34] , were routinely cultured in DMEM/F12 (GIBCO, Auckland, New Zealand), horse serum (5%; GIBCO), cholera toxin (0.1 mg/mL; GIBCO), insulin (1.0 mg/mL; GIBCO), hydrocortisone (0.5 mg/ mL; GIBCO), and epidermal growth factor (EGF; 20 ng/mL; GIBCO). The MCF-7 breast cancer cell line [35] and the HepG2 liver cancer cell line [36] were grown either in standard DMEM/ Ham's F12 media supplement with 2 mM L-glutamine, or standard RPMI 1640 media (GIBCO), each with added 10% FBS (GIBCO). All cell lines were cultured in a humidified atmosphere of 5% CO 2 at 37°C.
Population-Based Fluorometric Microplate Assays
To evaluate the kinetics of 2-NBDG (Molecular Probes, Eugene, OR, USA) uptake with increasing cell density, MCF10A and CA1d cell lines were seeded (0-30,000 cells/well) in clear-bottomed 96-well microplates (BD Falcon, Franklin Lakes, NJ, USA) in triplicate. Cells were allowed to adhere overnight at 37°C (for 12 h) before performing uptake assays. After overnight incubation, all wells were washed twice with phosphate-buffered saline (PBS; GIBCO) and incubated with 2-NBDG (100 μM) for 10 min at 37°C in a humidified atmosphere of 5% CO 2 . We stopped the reaction by adding a twofold volume of ice-cold PBS and the wells were washed again with ice-cold PBS three times. The fluorescent signal before (autofluorescence) and after adding 100 μM 2-NBDG was measured using the fluorometric mode of a Victor-3 multi-well plate reader (Perkin Elmer, Waltham, MA, USA; using the 485 nm ex and 520 nm emiss filter set). The net increase in fluorescence was normalized to the lowest signal (0 cells/well), which was taken as the ratiometric quantitation of 2-NBDG uptake in cells.
Similarly, 2-NBDG uptake in MCF10A and CA1d cell lines was evaluated by incubating cells (20,000 cells/well) with increasing concentrations of 2-NBDG (0-300 μM). Quantitation was performed as described above.
To test if 2-NBDG is taken up by cells via GLUTs, glucose competitive inhibition assays were performed. Briefly, cells were incubated with 2-NBDG (300 μM) in the absence or presence of increasing concentrations of D-glucose (0-10 mM; Sigma Chemicals, St. Louis, MO, USA). 2-NBDG uptake was also inhibited pharmacologically using the glucose inhibitor, Phloretin (MP Biochemicals LLC, Solon, OH, USA). These assays were performed as described above, except cell lines were incubated in the absence or presence of increasing concentrations of Phloretin (0-1,000 μM) with final DMSO concentration of 1% v/v.
Tyrosine Kinase Inhibitor Drug Treatments
To test the effects of receptor tyrosine kinase inhibitors on 2-NBDG uptake, MCF10A and CA1d cell lines were grown in culture (as described in previous "cell culture" section) in clear-bottomed 96-well microplates at 50,000 cells/well and allowed to adhere overnight. The next day growth media were removed from all wells and replaced by fresh growth media containing 0, 10, 100, 1,000, or 10,000 nM Lapatinib at a final concentration of 0.1% v/v in DMSO. Similarly, separate plates were prepared and treated with Erlotinib at the same concentrations. Cells were incubated with drugs for another 24 h under standard culture conditions and the 2-NBDG labeling and measurements were performed as previously described (in "population-level fluorometric microplate assays" section).
Cell Viability Assay
To test the cytotoxic effect of 2-NBDG exposure on cells, 2-NBDG uptake assays were performed as described in the above section, except cells were seeded in 12-well plates at 50,000 cells/well. After exposure to increasing doses of 2-NBDG (0-300 μM), reactions were stopped by addition of ice-cold PBS, followed by 3 washes with PBS. Triplicate wells from each treatment were trypsinized and cell suspensions were incubated with 4% v/v of Trypan Blue solution (Mediatech, Herendon City, VA, USA) in PBS for 5 min. Cells were counted using a hemocytometer, whereby dead (dark blue) and viable cells (transparent) were used to calculate the percent viability ((viable cells/(viable cells+dead cells))×100). For positive control, cells were also exposed to 1% SDS solution for 5 min to induce cell death.
Single-Cell-Based HCAM Assays
To dissect inter-and intra-cell line variability of glucose uptake at the single-cell level, 2-NBDG was used to screen for differences among MCF10A and CA1d cell lines. For all experiments, cells were seeded (20,000 cells/well) in 96-well microplates and allowed to adhere overnight at 37°C in tissue culture media. For doseresponse assays, cells were washed with PBS buffer three times and 2-NBDG was added at various concentrations (0-300 μM) in PBS. For glucose competitive inhibition assays, cells were treated similarly, except cells were treated with increasing concentrations of D-glucose as described in the above section. Cells were then incubated with 2-NBDG or (D -glucose/2-NBDG) for 10 min at 37°C
. The reactions were stopped by addition of ice-cold PBS, followed by three additional washes with PBS. All wells were then immediately imaged using a BD Biosciences Pathway 855 (Rockville, MD). For testing the effect of microenvironmental perturbation on glucose uptake, MCF10A and CA1d cells were cultured under optimal growth condition in the presence of 5% horse serum and other growth supplements (S/S) overnight as described previously in detail (in "cell culture" section). After incubation, cells were washed with serum-free DMEM/F12 medium three times and separate wells for each cell line were replaced with optimal growth medium (S/S), suboptimal medium that contains only basal DMEM-F12 medium supplemented with 20 ng/mL EGF (EGF), or depleted medium containing only basal DMEM/F12 with no serum or supplements added (0/0) and grown for another 12 h in culture. Cells from all three treatments were then labeled similarly with 2-NBDG as described above.
For nuclear labeling, Hoechst 33342 (Molecular Probes) was used after an initial round of 2-NBDG imaging by adding 1:1,000 dilution v/v (in PBS) of the dye and incubated for 5 min. Images were acquired using a BD Pathway imager using a green channel filter set (470 nm ex -520 nm emiss ) for 2-NBDG and a blue channel set (340 nm ex -420 nm emiss ) for Hoechst nuclear stain.
Image Analysis
All fluorescence images used for quantitation of 2-NBDG uptake were digitized and stored as TIFF files. Single-cell quantitation of 2-NBDG uptake was assessed as the intracellular accumulation of fluorescence, which was analyzed using open-source image analysis software, CellProfiler [33, 37] . Briefly, illumination correction of fluorescent images was performed using blank and non-labeled images. All experimental images used Hoechst dye nuclear stain as the primary identifier (primary object) for total cell stain and for segmentation purposes. The OTSU adaptive thresholding method and propagation algorithm (from CellProfiler image analysis modules) were used to identify 2-NBDG stain (secondary object). Automated image analyses were performed to obtain a count of primary objects (nuclei), mean intensities of nuclei, a count of secondary objects, and mean intensity of secondary objects (i.e., 2-NBDG), and data were exported to Microsoft Excel spreadsheets for further analysis. The mean intensity of 2-NBDG is expressed as intensity in terms of arbitrary fluorescence units (a.f.u.). The percent of 2-NBDG labeled cells that uptake 2-NBDG within a given population was d e t e r m i n e d a s : ðthe number of cytoplasmic positive cells = total number of cells nuclear stained ÞÞÂ100 ð .
Statistical Analysis
All experimental data are presented as the mean±standard error of the mean (SEM) of n independent measurements (as indicated in each figure legend). All treatments within each experiment were performed in triplicate wells. Statistical analysis was performed using either GraphPad Prism software (La Jolla, CA, USA) or R freeware (http://www.r-project.org). For population-based comparisons, Student's t tests (two-sided, independent) were performed to detect significant differences between treatments, with p values G0.05 accepted as significant (where indicated*). For single-cellbased comparisons, medians and 95% confidence intervals (CI) were calculated by bootstrapping (with 3,000 replications).
Results
2-NBDG is Incorporated into Cells in a DensityDependent Manner
Initial population-based experiments were performed to evaluate the linearity of 2-NBDG uptake in both MCF10A, a nontumorigenic epithelial cell line, and CA1d, a tumorigenic transformed cell line. Cells were seeded at increasing densities (from 0 to 30,000 cells/well), treated with 2-NBDG (100 μM), and incubated for 10 min at 37°C prior to imaging. These results demonstrate that both cell lines exhibited a stepwise increase in 2-NBDG incorporation, directly in line with the number of cells plated ( Fig. 1 ). Of note, CA1d, the aggressive cancer cell line, consistently incorporated more 2-NBDG than MCF10A cells, particularly at higher cell seed densities (as confirmed by microscopic examination of cells in microplates shown in the Electronic Supplementary Material, Online Resource 1).
2-NBDG Uptake Occurs in a Dose-Dependent Manner
To determine if 2-NBDG uptake occurs in a dose-dependent manner, MCF10A and CA1d cells were treated with increasing concentrations of 2-NBDG concentrations (0-300 μM). As shown in Fig. 2a , both MCF10A and CA1d cell lines consumed very little 2-NBDG at lower concentrations (0-20 μM); however, at higher concentrations (50-300 μM), both cell lines consumed the probe in a dose-dependent manner. Following treatment with 300 μM of 2-NBDG, the tumorigenic CA1d cell line consumed approximately 1.5-fold more 2-NBDG than nontumorigenic MCF10A epithelial cells. Microscopic examination of MCF10A and CA1d cells confirmed these results (data not shown). Interestingly, a subpopulation of CA1d cells consumed high levels of 2-NBDG even at low concentrations.
To validate that the high-throughput spectroscopic assay is reliable for screening a range of other tumor cell lines, we also analyzed 2-NBDG uptake of MCF7 breast cancer cells and HepG2 human hepatocarcinoma cells, both of which were used previously in cooperation with 2-NBDG and a microscopy-based fluidic-chamber method [38] . As expected, both MCF7 and HepG2 cancer cells also consumed probe in a dose-dependent manner (Fig. 2b) . Furthermore, these cell lines exhibited 2-NBDG uptake levels consistent with the previously published findings [38] . Taken together, these results confirm that our populationbased fluorometric assay can be used to reliably measure 2-NBDG uptake in both normal and tumor cell lines. 2-NBDG uptake correlates with cell number. Population-level 2-NBDG uptake was quantified using a fluorometric plate reader. MCF10A or CA1d cells were seeded at a range of densities (0-30,000/well) and 2-NBDG (100 μM) was added and allowed to incubate for 10 min prior to stopping reactions. All raw values were normalized to background levels obtained when seeding no cells, and are presented as the mean±SEM of all experiments performed (N=5). Fluorescence levels indicate a linear response of 2-NBDG uptake for both cell lines in a density-dependent manner. CA1d consistently exhibited a higher level of 2-NBDG uptake, although not significantly different than MCF10A cells.
2-NBDG Uptake is Blocked by Competitive Inhibition by D-Glucose and GLUT Inhibitors
To determine if 2-NBDG cellular uptake occurs via GLUTmediated facilitative diffusion, a competitive glucose inhibition assay was performed. For this assay, 2-NBDG uptake was measured for MCF10A and CA1d cells in the presence of a range of D-glucose (0-10 mM), which is known to compete with 2-NBDG in mammalian cells [38] . As shown in Fig. 3a , 2-NBDG uptake was diminished for both cell lines in a dose response manner with increasing levels of Dglucose. The greatest effect was observed at 10 mM of D- glucose, which was~2-fold less than the values measured for respective cell lines in the absence of D-glucose.
To confirm these results, 2-NBDG uptake was also blocked for MCF10A and CA1d cells pharmacologically using Phloretin, a glucose transport inhibitor [39] [40] [41] . As shown in Fig. 3b , Phloretin treatment (0-1,000 μM) inhibited 2-NBDG uptake in both cell lines in a dose-dependent manner. Of note, this inhibition was much more pronounced for CA1d than MCF10A. The incomplete inhibition of 2-NBDG uptake by Dglucose competition, even at high millimolar concentrations or pharmacologically by Phloretin, is consistent with the reported kinetics of 2-NBDG, which binds with far higher affinity to 2-NBDG uptake is dose-dependent. Population-level glucose uptake was quantified in response to increasing doses of 2-NBDG (0-300 μM) using a fluorometric plate reader. All raw values were normalized to background levels obtained for "blank" wells that were treated the same as samples, and are presented as the mean±SEM of all experiments performed. a Both normal MCF10A cells and CA1d cancer cells absorbed 2-NBDG in a dose-dependent manner; not surprisingly, uptake levels were fairly low at low concentrations of the probe, while higher levels of uptake were observed at high concentrations. In summary, CA1d displayed consistently consumed more 2-NBDG than MCF10A (N=5). b Similarly, MCF7 human breast cancer cells and HepG2 human liver carcinoma cell lines exhibited a steady increase in fluorescence signal in a dose-dependent manner (N=3). All raw values were normalized to background levels obtained for "blank" wells that were treated the same as samples, and the data are presented as the mean±SEM of all experiments performed (N=3). Both cell lines exhibited a steady decrease in 2-NBDG uptake in response to increasing D-glucose concentration. *PG0.05, significant differences. b Specificity to transportation via GLUTs was also validated by pharmacological inhibition of 2-NBDG uptake by Phloretin (0-1,000 μM; N=3). Similarly, both cell lines exhibited a steady decrease in 2-NBDG uptake in response to increasing Phloretin concentrations. *PG0.05, significant differences.
GLUTs than its natural counterpart D-glucose [42] . Collectively, these data clearly indicate that 2-NBDG is mainly transported by facilitative diffusion via GLUTs, consistent with previously published reports [16] [17] [18] [19] [20] 22 ].
2-NBDG Uptake is Reduced by Receptor Tyrosine Kinase Inhibitors
To assess the validity of our method as high-throughput platform for drug screening, MCF10A and CA1d were treated with increasing doses of two different classes of small molecule tyrosine kinase inhibitors Lapatinib and Erlotinib [43] . As shown in Fig. 4a, b , our results clearly demonstrate a direct decrease in 2-NBDG uptake in both cell lines in response to increasing doses of Lapatinib and Erlotinib. For CA1d in particular, an immediate and obvious drop was observed in 2-NBDG uptake at 10 nM treatment of either drug. Of note, the most significant inhibition of both receptor tyrosine kinase inhibitors was observed at 10 nM, with higher doses of both drugs resulting in more gradual decreases in 2-NBDG uptake. These data demonstrate the utility of our method for conducting rapid and robust drug screening in multiple cell lines using multiple drug doses and classes.
Short-Term Exposure of 2-NBDG is Not Cytotoxic
Since 2-NBDG is a deoxyglucose analog that cannot be metabolized by normal glycolytic enzymes, it can potentially elicit cytotoxic effects by depleting the level of intracellular glucose available to cells [16] . Therefore, to evaluate the cytotoxicity of 2-NBDG uptake during the time window of our assay (10 min), viability of MCF10A and CA1d cell lines was examined in the presence of the range of 2-NBDG concentrations employed in experiments thus far. As shown in the Electronic Supplementary Material, Online Resource 2, in contrast to 1% SDS treatment, none of the concentrations of 2-NBDG tested has a cytotoxic effect on either cell line.
2-NBDG Uptake is Variable Within Cell Line Populations
To examine underlying population dynamics of 2-NBDG uptake in MCF10A and CA1d, microscopic images of unlabeled and 2-NBDG-treated single cells were observed.
As shown in the fluorescent images of Fig. 5a , 2-NBDG displayed a range of morphological patterns and staining intensities at both the cellular and subcellular levels in both cell lines. Within each population of cells, at least three distinct staining patterns, or cell subsets, were observed: firstly, some cells remained altogether unstained (a), the second type includes cells with diffusive staining (b), and the third type of cells includes cells with punctate morphology patterns (c). Of note, the most common feature of 2-NBDG labeled cells is the increased intensity of 2-NBDG in the perinuclear area, which is consistent with previously published reports [21, 22] . The heterogeneity of the subcellular distribution of 2-NBDG staining we observed in breast cancer cell lines is somewhat similar to that reported by another group in HepG2 hepatocarcinoma cell lines, which the authors attributed to the integration of 2-NBDG monomers in de novo synthesized glycogen in these cells [44] . This suggests the possible integration of 2-NBDG in multiple subcelluar locations and/ or metabolic pathways, depending on cell type.
Single-Cell HCAM Experiments Reveal Variability in 2-NBDG Uptake
Initial inspection of 2-NBDG labeled cells using fluorescence microscopy revealed obvious variability across cells within a single population. Therefore, we devised an CA1d showed more pronounced decrease at concentrations of≥10 nM compared to MCF10A. *PG0.05, significant differences.
alternative quantitative single-cell strategy to determine the full spectrum of 2-NBDG uptake distribution within a given population of cells. For this approach, MCF10A and CA1d cells were doubly labeled with both 2-NBDG and Hoechst staining, a nuclear stain, and examined by HCAM coupled with the automated image analysis platform, CellProfiler [37] . In these experiments, Hoechst staining provides a mean for obtaining a total cell count for each microplate well and can be used for identification of the percentage of cells labeled with 2-NBDG (areas positive for Hoechst staining signal, but negative for 2-NBDG signal). A summarized schematic of our image analysis workflow is shown in Fig. 5b . Use of HCAM for average population-based measurements studies of glucose competition (Fig. 6a) 2-NBDG doseresponse uptake (Fig. 6d) for MCF10A and CA1d cells revealed data consistent with our earlier fluorometric microplate assays (Figs. 3a and 2a, respectively) . However, singlecell image analysis revealed differences between MCF10A and CA1d cell lines in terms of the percentage of 2-NBDG labeled cells both after competitive inhibition with increasing concentrations of D-glucose and across different doses of 2-NBDG (Fig. 6b, e) . Specifically, while MCF10A cells showed a slightly higher percentage of 2-NBDG labeled cells when competitively inhibited with increasing doses of D-glucose (Fig. 6b) , the opposite trend was observed in tumorigenic CA1d that displayed a higher percentage of cells with increased levels of glucose analog incorporation compared to the nontumorigenic MCF10A at almost every 2-NBDG dose tested (Fig. 6e) . These data indicate that cells within a given population are metabolically variable and that at least two or more metabolically distinct subpopulations can be teased out by our assays. The distribution spectra of single-cell 2-NBDG uptake for MCF10A and CA1d cell populations acquired by HCAM further confirmed the existence of two or more metabolically distinctive subpopulations of cells (Fig. 6c, f) . Altogether, these results suggest that intra-population cell-tocell variability exists both within MCF10A and CA1d cell lines, at least in terms of incorporation of 2-NBDG.
Intra-population Variability of Tumorigenic CA1d Cell Line is Modulated by Growth Conditions
To determine the relevance of our newly developed singlecell analysis application to monitor and detect changes in cellular glucose analog uptake in response to physiological stimuli, we tested if the perturbation of microenvironmental conditions influenced 2-NBDG uptake at both the population and single-cell levels. Glucose uptake of cells were quantified by measuring 2-NBDG relative fluorescence after subjecting nontumorigenic MCF10A and tumorigenic CA1d cell lines to media conditions varying in their growth permissiveness. Conditions used included optimal full growth media (S/S), suboptimal serum-deprived media (EGF), and depleted serum-and EGF-deprived media (0/0), for 24 h prior to labeling (see "Materials and Methods" for detailed descriptions of medium used).
As shown in Fig. 7a , if assessed at the population-level, nontumorigenic the MCF10A cell line exhibited a marked 3-fold increase in 2-NBDG uptake in optimal conditions (S/S) as compared with suboptimal (EGF) or depleted conditions (0/0). In contrast, the tumorigenic CA1d cell line showed no significant change in uptake under different tested media conditions. These results, confirmed by classic enzymatic-based bulk glucose consumption assays (data not shown), indicated that glucose shuttling may be sensitive to physiological regulation in nontumorigenic MCF10A, but less so in malignant CA1d. Furthermore, double-staining experiments revealed that only~65% of MCF10A cells consumed 2-NBDG under deprived conditions (0/0), compared with~70% and 85% in growth permissive conditions (EGF and S/S, respectively) (Fig. 7b) . In contrast, the percentage of CA1d cells that were labeled was consistent (~80-90%) across tested media conditions. To the best of our knowledge, this is the first report showing that while the uptake of 2-NBDG by indolent cells (MCF10A) occurs in a manner specifically dependent upon microenvironmental conditions, 2-NBDG uptake by malignant cells (CA1d) is independent of microenvironmental cues in vitro.
Under optimal growth conditions (S/S), statistical analysis of single-cell distribution further revealed two distinct subpopulations of both MCF10A and CA1d cell lines, at least in terms of 2-NBDG uptake (Fig. 7c) . More specifically, fluorescence intensity analysis showed one subpopulation that consumed minimal amounts of 2-NBDG, while a second subpopulation consumed higher levels. The MCF10A subpopulation that consumed high levels of 2-NBDG was diminished in size in suboptimal conditions (EGF), and absent in depleted conditions (0/0). Interestingly, the opposite trend was observed for CA1d cells. That is, two distinctive subpopulations were apparent regardless of the media condition employed. Of note, the subpopulation of highly glycolytic cells was even more pronounced under depleted conditions (0/0). Median 2-NBDG intensity and corresponding 95% CIs for each cell line in each microenvironmental condition are shown in the Electronic supplementary material, Online Resource 3.
These results clearly suggest that intra-population heterogeneity of glucose uptake is modulated by exposure to variation of growth conditions in vitro, and further suggest that glucose uptake by the tumorigenic CA1d cell line occurs in a manner independent of fluctuations in conditions that mimic the tumor microenvironment.
Discussion
The aims of this study were twofold. Firstly, we developed a high-throughput population-based fluorometric assay to allow a rapid, direct, and large-scale assessment of glucose uptake in normal and tumor cells in vitro, which is readily applicable in most common biological laboratory settings. Secondly, we developed a HCAM single-cell-based assay to directly analyze the distribution of glucose uptake rates of single cells within cell populations. In both assays, the cellular accumulation of 2-NBDG, a deoxyglucose fluorescent analog, was exploited as an approximation of glucose uptake rates.
The development of different classes of deoxyglucose analogs has enabled researchers in recent years to directly measure glucose uptake rates of tumor cells in vitro and in vivo, as compared to the classical indirect inferring of population average consumption rates from time-course data [6, 38, 45, 46] . 2-NBDG, however, represents several major advantages over its FDG radioactive analog, including being safe for regular laboratory usage, no requirement for cellular destruction, and allowance of direct visual assessment of glucose uptake in live cells. It is important to point out however that unlike D-glucose, the key rate-limiting steps of glucose analog uptake, such as 2-NBDG and FDG, have not been determined in most cell types, commanding further detailed mechanistic studies in the future. Sequential pharmacological and genetic targeting for GLUTs and hexokinase, and subsequent monitoring of the uptake kinetics of these glucose analogs in the particular cell lines under investigation would be necessary to answer this pivotal question. These approaches can be complemented with other molecular biology approaches, such as over expression of specific GLUTs or hexokinases in the same cell lines and similarly monitoring the changes in uptake kinetics.
Here, we described two independent, but complementary, approaches for making high-throughput measurements of glucose uptake using deoxyglucose fluorescence analog 2-NBDG. Both methods were purposefully designed to make use of multi-well microplates that are commonly used in many biological laboratories. Using a multi-well microplate format allows for rapid and simplified labeling methodology, in comparison with previously published methods using custom-designed microfluidic chambers [19, 38] .
The population-based assay we developed was used to measure glucose uptake rates using 2-NBDG in both "normal" and tumor cell lines utilizing a simple multi-well fluorometric microplate reader format. In contrast to previously published methods that use custom-designed microfluidic chambers or flow cytometry assays to measure 2-NBDG uptake [19, 22, 38] , our population-based fluorometric microplate assay provides several advantages, i.e., high-throughput, highly quantitative, and readily applicable in common biological laboratory settings. Furthermore, our method is also more practical and less laborious than previously published singlecell assays, such as flow cytometry [23] , and especially suits the need for measuring glucose uptake in adherent cells, which are more representative of solid tumors.
Our results from this method show that 2-NBDG uptake is both density-and dose-dependent ( Figs. 1 and 2, respectively) . Interestingly, these data revealed that CA1d, a breast cancer cell line, exhibits a rate of glucose analog uptake higher than its parental normal mammary epithelia cell line, MCF10A (Figs. 1  and 2 ), which is consistent with the Warburg effect [3] . Furthermore, this difference in glucose uptake in CA1d and MCF10A cell line has previously been reported by others using an indirect glucose consumption enzymatic assay [47] , which was also confirmed in our own lab with the same procedure (data not shown). To test the reliability of our population-based assay, we also measured 2-NBDG uptake in other tumor cell lines, including MCF7 breast cancer and HepG2 hepatocarcinoma (Fig. 2b) . The results from these two cell lines were also consistent with previously published results [23, 38] .
We further tested whether 2-NBDG is incorporated by GLUTs in MCF10A and CA1d, using competitive D-glucose inhibition assays and pharmacological inhibition of GLUTs with Phloretin (Fig. 3) . Indeed, these results indicated that the bulk of 2-NBDG is incorporated in both of these cell lines via GLUTs. On the other hand, it has been recently shown that, as mentioned above, NBDG analogs have a 100-fold higher affinity for GLUTs than D-glucose itself [42] . Therefore, real glucose uptake rates are problematic to measure with this analog and novel probes with improved binding kinetics that mimic D-glucose uptake in live cells need to be developed. Nevertheless, staining intensity provides an excellent approximation a cell's glucose uptake potential and is useful for relative comparisons across individual cells or cell lines, as well as perturbations. Finally, we showed that glucose uptake of both MCF10A and CA1d was inhibited by treatment with increasing doses of two different classes of small molecule tyrosine kinase inhibitors Lapatinib and Erlotinib (Fig. 4a, b) . Both cell lines displayed intra-population variability of 2-NBDG uptake, both at cellular and sub cellular levels. From inspection of images, three patterns of labeling can be seen: 1) cells with no label (fluorescence), 2, diffusively stained cells which were the most predominate pattern in MCF10A and third, locally punctuate pattern that was abundantly detected in CA1d to less extinct in MCF10A (see bottom arrows in CA1d after adding 2-NBDG). b Schematic of image processing workflow for single-cell analysis using CellProfiler. Briefly original fluorescence images were exported as a pair of Hoechst stained nuclei (blue) and 2-NBDG stained cells (green). Hoechst staining was used to identify primary objects (nuclei). Once the primary objects were identified, the OTSU adaptive propagation software was used to identify 2-NBDG labeled cell bodies (secondary objects). Images were used to extract cell measurements, including: nuclei count, nuclei intensity, 2-NBDG labeled cell count, 2-NBDG intensity. 2-NBDG was used as a quantifier of glucose uptake per cell (in a.f.u.), and other measurements were used to calculate the percentage of cells that were 2-NBDG labeled (based on 2-NBDG count) out of total cells (based on nuclei count). All extracted data generated were exported to Excel spreadsheets for analysis.
Collectively these results provide strong evidence that our population-based fluorometric assay provides a fairly simple, reproducible, and rapid way to measure glucose uptake in various cell lines in vitro. Hence, this assay provides an ideal platform for large-scale screening of adherent and nonadherent cells in a timely fashion. Nonetheless, a limit of this method is that it can only provide average population measurements for glucose uptake, and therefore misses one of the key characteristics of cancer cell populations, cell level heterogeneity with respect to phenotypic traits dependent on both genetic and non-genetic variability.
Therefore, to gain insight into the underlying distribution spectrum of glucose uptake at the single-cell level within a cell line population, we devised a second HCAM-based method for high-throughput single-cell measurements of glucose uptake. In this assay, cells were doubly labeled with Hoechst staining (to identify nuclei and to be used an internal control for total cell count) and 2-NBDG for . Inter-population cell variability is modulated by growth conditions. MCF10A and CA1d cells were cultured for 24 h in optimal (S/S), suboptimal (EGF) or deprived media (0/0), and were subsequently double-labeled with Hoescht and 2-NBDG for measurements of total cell count and glucose uptake, respectively. a The average glucose uptake was determined as fluorescence intensity (a.f.u.), which showed that under suboptimal and deprived growth conditions, MCF10A consumed less 2-NBDG than CA1d under the same conditions. *PG0.05, significant differences. b The percentage of single cells that absorbed 2-NBDG was also calculated. CA1d consistently exhibited a higher percentage of cells that consumed 2-NBDG than MCF10A; however, no significant changes were obtained. c Statistical analysis of single-cell measurements of 2-NBDG uptake revealed the presence of two subpopulations, of low and high glucose uptake, in both cell lines in full culture conditions (S/S). Interestingly, the presence of these two subpopulations persisted in CA1d regardless of growth conditions; however, they disappeared in MCF10A when grown under suboptimal (EGF) or deprived conditions (0/0).
obtaining both single-cell measurements of glucose uptake and the percentage of cells that uptake 2-NBDG. Coupling the power of HCAM and semi-automated image analysis software (CellProfiler) allows for in depth analyses of the underlying population dynamics of glucose uptake.
Results from HCAM assays of average population measurements of dose-response and glucose competitive inhibition assays (Fig. 6a, d) confirmed the results from the corresponding population-based fluorometric microplate technique (Figs. 2a  and 3a) and further revealed intra-population variability of glucose uptake, as shown from the percentage of 2-NBDG labeled cells versus the total cell population (Figs. 6b, c, e, f) . Although the underlying reason(s) behind metabolic heterogeneity is yet to be elucidated, it is tempting to speculate that the variety in physiological states of cells (i.e., proliferation, senescence, quiescence, cell death) or distinct stages of similar physiological states may contribute to this heterogeneity. Alternatively, the cell-to-cell variability may be due to real basal physiological states that the individual cells have achieved. Further studies are needed to clarify this issue, and we expect our assays to be critical to these. Furthermore, the ability of the malignant CA1d to efficiently import the glucose analog 2-NBDG regardless of cell culture conditions raises interesting questions pertaining to the ability of tumorigenic cells to more efficiently utilize available carbon sources, and how this may promote tumor development. Interestingly, a small subpopulation of MCF10A and CA1d cells were able to incorporate 2-NBDG even at low concentrations of the probe. Microscopic examination of MCF10A and CA1d clearly support these observations, in which at least three subgroups of cells exhibited a range of cellular and subcellular uptake distinct phenotypic traits (Fig. 5a ).
Taken together, these results strongly support the notion that metabolic heterogeneity observed in tumors in vivo can be explained, at least in part, by intra-population variability intrinsic to cancer cells. Since it is widely accepted that glucose uptake is a dynamic process in non-mammalian and mammalian cells, we also examined if cell culture conditions that mimic the tumor microenvironment had any effect on glucose uptake distribution within cell populations of MCF10A and CA1d cell lines. These results clearly showed that glucose uptake is affected in MCF10A by culturing under different growth conditions (Fig. 7) . In contrast, CA1d cells were less affected by changed conditions. Statistical analysis revealed that the CA1d cell line exhibits a bimodal distribution of single-cell glucose uptake in all microenvironmental conditions tested, suggesting potential subpopulations of cells, at least in terms of glucose uptake. In contrast, MCF10A exhibited a bimodal distribution only under optimal conditions (S/S). These results provide a potential in vitro explanation of metabolic heterogeneity observed during in vivo tumor PET scanning [12, 15, 48] . This notion has long been suggested by other groups and has recently been observed in vitro and in vivo in other types of tumors [4, 7, 49] .
Conclusion
Developing novel tools that unravel metabolic behavior (i.e., glucose uptake), particularly at the single-cell level in tumor cell populations in culture, will provide an opportunity to tease apart underlying population dynamics and cellular mechanisms. Population-based techniques, such as the fluorometric plate reader assay presented herein, are useful for screening and validation purposes because they are highthroughput and fairly easy to perform and analyze. However, application of single-cell-based assays, such as the HCAM approach we take in this study, provides a higher resolution of cellular data. Further, single-cell assays allow for simultaneous monitoring of other quantitative cellular traits [50] , such as proliferation or motility, given appropriate use of markers and image analyses. In summary, combining both approaches can be useful for dissecting the full range of metabolic behavior of tumor cells, which could aid in designing custom therapeutics that selectively target only the most aggressive tumor phenotypes.
